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Abstract Fatty acids are a major energy source and important constituents of membrane lipids, and they serve as cellular signaling molecules that play an important role in the etiology of the metabolic syndrome. Acetyl-CoA carboxylases 1 and 2 (ACC1 and ACC2) catalyze the synthesis of malonyl-CoA, the substrate for fatty acid synthesis and the regulator of fatty acid oxidation. They are highly regulated and play important roles in the energy metabolism of fatty acids in animals, including humans. They are presently considered as an attractive target to regulate the human diseases of obesity, diabetes, cancer, and cardiovascular complications. In this review we discuss the role of fatty acid metabolism and its key players, ACC1 and ACC2, in animal evolution and physiology, as related to health and disease. Long-chain fatty acids are major sources of energy and important components of the lipids that comprise the cellular membrane. They are either derived from food or are synthesized from acetyl-coenzyme A (acetyl-CoA) through complex sets of reactions; that includes glycolysis and the citric acid cycle, which collectively lead to the formation of the backbone carbons of fatty acids and glycerols for the synthesis of lipids (1) . Acetyl-CoA is also a product of the b-oxidation of fatty acids. Hence, acetyl-CoA stands out as the key intermediate in carbohydrate, amino acid, and lipid metabolism. The synthesis of fatty acids by fatty acid synthase (FAS) requires acetyl-CoA, malonyl-CoA, and NADPH. Malonyl-CoA is the C 2 donor in the de novo synthesis of fatty acids, and it plays an important role as an inhibitor of the carnitine/palmitoyl shuttle system for fatty acid oxidation (2). To facilitate these two different roles, fatty acid synthesis and oxidation, two distinct enzymes have evolved: acetyl-CoA carboxylase 1 (ACC1) and acetyl-CoA carboxylase 2 (ACC2). ACC1, with its biotin prosthetic group, was first discovered in our laboratory in 1958 (3). In prokaryotes, ACC1 is composed of three distinct proteins: biotin carboxylase, biotin carboxyl carrier protein, and transcarboxylase. In the presence of ATP, biotin carboxylase transfers CO 2 from bicarbonate to the biotin carboxyl carrier protein, forming the carboxybiotin derivative. The transcarboxylase catalyzes the transfer of the carboxyl group to acetyl-CoA, forming malonyl-CoA. In eukaryotes, however, these proteins are contained within a single multifunctional protein (Mr 262,000) that is encoded by a single gene. While ACC1 is generally expressed in all tissues, it is expressed more in lipogenic tissues: liver, adipose, and lactating mammary gland. In contrast, ACC2 (Mr 282,000) is highly expressed in heart and muscle and to a lesser extent in liver (4). ACC1 and ACC2 are encoded by separate genes localized at chromosomes 17q12 and 12q23, respectively (4, 5) . The amino-acid sequences of ACC1 and ACC2 are approximately 80% identical; the first 218 amino acids of ACC2 and its highly hydrophobic N-terminus 20 amino acids account for their molecular weight differences and their distinct cellular localization (5-7). The ACC1-generated malonyl-CoA is utilized by FAS for the synthesis of fatty acids in the cytosol. In contrast, the ACC2-generated malonyl-CoA functions as inhibitor of the carnitine/palmitoyl-transferase 1 (CPT1) activity and the transfer of the fatty acyl group through the carnitine/palmitoyl shuttle system to inside the mitochondria for b-oxidation (Fig. 1) . The malonyl-CoA generated by ACC1 and ACC2 within the cell do not mix and are highly segregated.
The ACC1 and ACC2 genes and their products must have played significant roles in the evolutionary development of animals, including humans. Survival of animals requires the availability of adequate food sources; in nature, this is highly variable in quality and quantity. Once they locate the right meal, however, the animals that eat as much as possible, because they do not know when they will eat their next meal, will survive best. As animals consume their meals of carbohydrates, proteins, and fats, through digestion and assimilation, glucose, amino acids, and fatty acids, respectively, are generated. These metabolites provide the substrates for immediate and future energy needs in the forms of glycogen, muscle proteins, and fats, respectively. When no food is available stored glycogen, some muscle proteins and fats are mobilized, degraded, and consumed within the first few days. Fat stores, however, can provide energy to animals for much longer times, in humans for 60 days, in polar bears for 6 months, and in migratory birds flying thousands of miles. For animals to exist during such long periods of starvation, the needed synthesis and saving of the acquired fat require special mechanisms that involve ACC1, ACC2, and CPT1.
Through the active regulation of CPT1 by malonyl-CoA, it became possible to interrelate fatty acid synthesis and oxidation with glucose utilization. As acetyl-CoA is generated in the mitochondria through pyruvate dehydrogenase, it condenses with oxaloacetate to form citrate, which undergoes either oxidation through the citric cycle to generate energy or transfer to the cytosol to generate acetyl-CoA through the ATP citrate lyase (ACLY) reaction ( Fig. 1) . At the mitochondrial membrane acetyl-CoA is carboxylated by ACC2 to malonyl-CoA, which inhibits CPT1 and reduces the passage of acyl-CoA into the inner mitochondrial vortex for b-oxidation (Fig. 1) . The net result is reduced fatty acid oxidation and increased fatty acid and triglyceride (TG) synthesis, at the expense of glucose utilization. Fig. 1 . Acetyl-coenzyme A carboxylase 1 (ACC1) and acetyl-coenzyme A carboxylase 2 (ACC2) play distinct roles in lipid metabolism in animal tissues. Diet fat, carbohydrate, and protein are digested, and the fatty acids (FA), glucose, and amino acids are transported to various tissues, including liver, adipose, and muscle. In liver, FA are converted to acyl-CoA; glucose undergoes glycolysis and generates pyruvate, which is oxidized in the mitochondria through pyruvate dehydrogenase to acetyl-coenzyme A (acetyl-CoA). Acetyl-CoA is also produced through amino acid metabolism. The acyl-CoA are shuttled into the mitochondria through carnitine/palmitoyl-transferase 1 (CPT1) for b-oxidation and generation of acetyl-CoA. Acetyl-CoA is oxidized through the citric acid cycle to yield energy, H 2 O, and CO 2 or it is converted to (1) citrate, which exits to the cytosol and generates acetyl-CoA through ATP citrate lyase (ACLY), or to (2) ketone bodies, through the hydroxymethylglutaryl-CoA (HMG-CoA) system, or to (3) carnitine/acetyl-CoA (CAT), which exits from the mitochondria to the cytosol. In the cytosol acetyl-CoA is carboxylated to malonyl-CoA by ACC1 and utilized through fatty acid synthase (FAS) reactions to generate palmitate, which is utilized in the synthesis of triglycerides (TG) and VLDL. Also, acetyl-CoA is carboxylated by ACC2 at the mitochondrial membrane to form malonyl-CoA, which inhibits the CPT1 and reduces acyl-CoA transfer to mitochondria for b-oxidation. Basically comparable reactions, with appropriate modifications, occur in adipose and muscle tissues. See the text for a discussion of the impact of ACC2 knockout on fatty acid metabolism.
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REGULATION OF ACC ISOFORMS
Both ACC genes are under the control of multiple promoters, which are regulated by diet and hormones. Diet, especially a fat-free diet, induces the synthesis of ACC1 and ACC2 and increases their activities. Starvation, or diabetes, represses the expression of the carboxylase genes and decreases the activities of the ACC enzymes (8) . Insulin up-regulates the ACC1 promoter, while glucagon downregulates it (8) . A diet rich in carbohydrates induces the transcription of FAS, ACC1, and ACC2 (8) . Key transcription factors that regulate these lipogenic genes in response to glucose and insulin are sterol response-elements binding proteins (SREBP-1 and SREBP-2), liver X receptors, and carbohydrate-responsive element-binding protein (ChREBP) (9, 10) . Glucose induces the dephosphorylation of ChREBP, which increases its rate of nuclear entry and the stimulation of lipogenic genes (11) . In contrast, inhibition of the expression of ChREBP, using adenovirus-mediated RNA interference in cultured hepatocytes, or liver-specific deletion of ChREBP results in the down-regulation of ACCs, FAS, and stearoyl-CoA desaturase 1 (12, 13) . Three promoters regulate ACC1 in humans: promoter I is a constitutive promoter and highly active; promoters II and III are subject to regulation by various hormones, they are stimulated by triiodothyronine and repressed by cholesterol, and they are highly expressed in the lactating mammary gland (14) . Moreover, in humans, the untranslated exons 1 to 4 of ACC1 are alternately spliced; this generates heterogeneity at the 5′-end of the ACC1 mRNA, which may play a role in transcriptional and translational regulation (8, 14) . ACC2 is under the control of two promoters in human: promoter I regulates tissue-specific expression, and promoter II regulation is mediated by myogenic factors such as Myo D and muscle regulatory factor 4 (15).
Activities of both ACC isoforms are highly regulated by other physiological factors in a similar manner. The enzymes are allosterically activated by citrate, and they are inhibited by long-chain saturated fatty acyl-CoA. Their activities are covalently modified by phosphorylation/dephosphorylation mechanisms. Protein kinases such as cAMP-dependent kinase, which phosphorylates ACC1 at Ser 1200, and AMPactivated kinase (AMPK), which phosphorylates ACC1 at Ser 80 and 81 and ACC2 on Ser 219 and 220, reduce their activities (16, 17) . The most notable of these kinases is AMPK, a master monitor of energy levels in cells. In tissues, AMPK is activated by a high level of AMP concurrent with a low level of ATP, through mechanisms involving the regulation of its phosphorylation by AMPK-kinase in a cascade; this cascade is activated by exercise, by hormones, and by cellular stressors that deplete ATP (17) . Insulin activates ACC by dephosphorylation, whereas glucagon and epinephrine inactivate the enzyme by phosphorylation (18) . It has recently been suggested that leptin stimulates fatty acid oxidation through the action of AMPK, which leads to phosphorylation and the inhibition of ACC1 and ACC2 activities in muscles (19) . When metabolic fuel is low and ATP is needed, ACC1 and ACC2 are turned off by phosphorylation and the consequential reduction in the levels of malonyl-CoA; this leads to the generation of ATP through increased fatty acid oxidation and the decreased consumption of ATP for fatty acid synthesis.
De novo fatty acid synthesis plays an essential role in animal development, as shown by genetic deletion of ACC, FAS, and ACLY. In mice, a null Acc1 mutation causes embryonic lethality in the homozygous state (7) . Timed mating of Acc1 1/2 mice revealed that the mutant Acc1
2/2
did not develop beyond the egg cylinder stage (7). In our studies of the knockout of FAS, we found that Fasn 2/2 mice also die in utero at an early stage of embryonic development (20) . Consistent with the essential role of cytosolic ACC1 in mice, knockout studies of cytosolic ACLY showed that Acly 2/2 mice also died early in embryonic development (21) . Together, these studies demonstrate that de novo fatty acid synthesis catalyzed by FAS is vital for viable embryonic development.
ROLE OF LIPOGENESIS IN METABOLIC SYNDROME
That accumulation of fat in tissues, such as muscle and liver, is associated with insulin resistance throughout the whole animal is widely accepted (22) . ACC, FAS, and stearoyl-CoA desaturase 1 play important roles in the development of hepatic steatosis and insulin resistance. The most direct evidence for the role of ACC1 in mouse liver, and thus in mouse physiology, came from studies of liver ACC1 knockout mice (LACC1KO) (23) . Under normal feeding conditions LACC1KO mice have no obvious health problems, notwithstanding the 70-75% decrease in ACC activity and, thus, in malonyl-CoA level. LACC1KO mice fed a diet inducing obesity developed glucose intolerance and insulin resistance. When fed a fat-free diet, however, there was significant up-regulation of PPARg and several enzymes in the lipogenic pathway in the LACC1KO mouse livers compared with wild-type (WT) mouse livers. Despite a greater than 2-fold increase in FAS mRNA, protein, and activity, there was a significant decrease in de novo fatty acid synthesis and TG accumulation in the liver. These results suggest that lowering cytosolic malonyl-CoA signals to cells that fatty acids are needed; the cells respond by upregulating FAS and down-regulating the fatty acid oxidation pathway, partly through the up-regulation of ACC2, the amount of which increased approximately 2-fold in the mouse livers (23) . It is interesting that the latest study using intraperitoneal injection of antisense oligonucleotide inhibitors of ACC1 and ACC2 reversed diet-induced hepatic steatosis and hepatic insulin resistance (24) . The antisense oligonucleotide inhibitors of ACC1 significantly reduced the mRNA level of ACC1 without significantly altering liver malonyl-CoA levels. Based on our earlier observation that in Acc1 1/2 heterozygotes the malonyl-CoA levels were essentially unchanged, this result is expected (7). It was surprising, however, that antisense oligonucleotide against ACC1 reduced both fatty acid oxidation and fatty acid synthesis; because the malonyl-CoA level was basically unchanged, the exact effects of these inhibitors remain to be explored (24) . An et al. (25) used adenoviral vectors to express a cytosolic form of malonyl-CoA decarboxylase (MCD), which converts malonyl-CoA to acetyl-CoA. These studies showed that, when rats were fed a high-fat diet, the reduction of malonyl-CoA levels in liver resulted in a significant reduction in the plasma levels of fatty acid (FA) and insulin and reversed insulin resistance in muscle and liver. However, while there was a 7-fold increase in cytosolic MCD activity in liver, there was only a modest effect on fatty acid oxidation; plasma ketone bodies were unchanged. The difference in findings between the studies of LACC1KO mice and the studies using recombinant adenovirus expressing MCD could be caused either by the mechanism by which malonyl-CoA levels were lowered or by the different diets that the mice were fed. In addition, because MCD is also localized in the peroxisomes, its high expression may affect the oxidation of very-long-chain fatty acids. A FAS knockout in liver (FASKOL) resulted in mice mutants that are essentially similar to WT mice when fed normal diets (26) . When FASKOL mice were fed a zero-fat diet for 28 days, however, they developed fatty liver, hypoglycemia, and hypoinsulinemia, and elevated blood ketone bodies. These phenotypes, which are similar to fasted PPARa-deficient mice, could be reversed by using a PPARa agonist; this suggested that synthesis of "new fat" in the liver is required for the activation of PPARa. Unlike FASKOL mice, when fed a fat-free diet for 28 days LACC1KO mice accumulated less TG in their livers. One major difference between LACC1KO and FASKOL mice is that malonyl-CoA levels in liver were three times higher in the FASKOL mice than in their WT cohorts (26) , while in the LACC1KO mice, malonyl-CoA levels were reduced to approximately 75% of those in their WT cohorts (24) .
ACC2 IS MAJOR PLAYER IN ENERGY HOMEOSTASIS
Malonyl-CoA inhibition of CPT1 provides a simple but important mechanism for the control of two opposing pathways: fatty acid synthesis and fatty acid oxidation. The subcellular localization of ACC2 at the mitochondrial membrane, and its dominant expression in tissues with a high rate of fatty acid oxidation, strongly suggest that malonyl-CoA produced by ACC2 is a major regulator of fatty acid oxidation. Further support for this hypothesis was derived from studies of Acc2 2/2 mutant mice: they live and breed well, continuously oxidize fatty acids, eat more food, and gain less weight than their WT cohorts (27) . Because ACC1 is the predominant isoform in liver and adipose tissue, the malonyl-CoA levels in both tissues of the WT mice and the Acc2 2/2 mutant mice were similar. In heart and soleus muscle, where ACC2 is highly expressed, the levels of malonyl-CoA in Acc2 2/2 mice were 10-and 30-fold lower, respectively, than in the WT mice tissues. Fatty acid oxidation rates in the Acc2 2/2 mutant mice were significantly higher High acyl-CoA activates PKC Ø, resulting in a cascade of serine and threonine kinases and increasing serine and threonine phosphorylation of insulin receptor substrates, IRS-1 and IRS-2. These substrates generate IRS-Ser-p Thr-p, which decreases the activity of PI 3 kinase, down-regulates AKT, and decreases the translocation of GLUT4 to the plasma membrane, leading to a decrease in glucose uptake (black arrows). As a result of ACC2 deletion (red X), tissues continuously oxidize FA in the mitochondria; this leads to a decrease of FA levels, the down-regulation of PKC Ø, a decrease in the Ser-p Thr-p of IRS1 and IRS2, an increase in IRS-Tyr-p, and the up-regulation of insulin signaling, thereby increasing glucose uptake and lowering the plasma blood glucose level.
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by guest, on August 28, 2017 www.jlr.org than in the WT mice, suggesting that only ACC2-produced malonyl-CoA is involved in the regulation of fatty acid oxidation. When challenged with diets that induce obesity and diabetes the Acc2 2/2 mice maintained normal levels of insulin and glucose, suggesting that increased fatty acid oxidation lowers intracellular fatty acid accumulation which, because of the higher GLUT4 activity, improves insulin sensitivity and increases glucose uptake (Fig. 2) (27-30) .
AMPK, a negative regulator of ACC activities, is a major therapeutic target against insulin resistance and type 2 diabetes (31) . Activating AMPK in rat hind limb muscle by perfusion with AICAR led to an increase in fatty acid and glucose oxidation, an inhibition of ACC2 activity, and a decrease in the level of its malonyl-CoA (32) . This simultaneous increase in glucose and fatty acid oxidation suggests that activating AMPK leads to a bypassing of the glucose/fatty acid cycle that was proposed by Randle et al. (33) . A similar effect was observed in the white adipocytes of Acc2 2/2 mutant mice, which also exhibited increased levels of glucose and fatty acid oxidation; this strongly suggests a link between AMPK and its target ACC2 (29) . Hence, the activation of AMPK by AICAR in skeletal muscle and the absence of ACC2 in adipose increased the cell-surface GLUT4 content and the up-regulation of GLUT4 mRNA, respectively (29, 32) . As a result of continuous fatty acid oxidation, there was a significant reduction in lean body mass, including a heart that was smaller in size but normal in function (30, 34) . When Acc2 2/2 mice were fed a high-fat diet, their peripheral and hepatic insulin sensitivities were increased. These improvements in insulinstimulated glucose metabolism were associated with increases in insulin-stimulated glucose uptake in lipogenic tissues and in heart and skeletal muscle, reduced lipid accumulation in muscle and liver, decreased PKC Ø activity, and increased insulin-stimulated AKT activity in all of these tissues (Fig. 2) .
Recent advances in the study of fatty acid metabolism involve several important attempts to develop and test ACC inhibitors. Selective inhibitors against ACC1 and ACC2, and specific ACC2 inhibitors, have been reported (35) . However, when used in animals, the inhibitors should reduce fatty acid synthesis and body weight and increase both fatty acid oxidation and insulin sensitivity. Because some of the inhibitors may not be specific against ACCs, and because they may target other pathways as well, their efficacy as potential drugs to target the metabolic syndrome remains to be determined. Nevertheless, all of the findings reported in this review affirmed that the inhibition of ACC2 can be a promising and valuable approach for the future treatment of obesity and type 2 diabetes in humans.
